Introduction
In Japan, 320,000 chronic dialysis therapies have been performed so far, with approximately 6,000 patients increasing annually (1) . Dialysis is performed on patients to sustain life after impaired kidney function, which can only be revived otherwise by renal transplantation. However, as per the latest statistical survey conducted during January 1 to December 31, 2014, only 127 patients from among 12757 patients in Japan desiring renal transplantation could undergo renal transplantations (2) . Therefore, it is assumed that the majority of these unattended patients seek continued or fresh hemodialysis because it becomes critical to maintain their life. Hemodialysis is performed by extracorporeal circulation of blood in a patient to eliminate the surplus moisture and wastes using an artificial kidney that can be referred to as a dialyzer, which is followed by returning the purified blood into the body. This procedure involves the risk of mass blood loss due to intentional withdrawal of the indwelling needle on the returning side. Such a needle accident is assumed to occur most frequently in case of dialysis medical accidents; sometimes, the life of a patient is also endangered (3) . To prevent a needle accident, two major categories of countermeasures are introduced to the human and machine sides; the dialysis machine, which represents the machine side, is incapable of detecting needle dislodgement. This situation relies on a method that detects the decrease in the returning side pressure and a method of circulation monitoring by the medical staff and ingenuity of the dialysis circuit fixation method on the human side.
However, the detection method based on the pressure difference on the blood return side is dependent on the resistance by the needle capillary, which is assumed to be influenced by a small difference in the blood vessel pressure; further, the detection is also difficult (4) .
Additionally, as stated above, even with countermeasures on the human side, it is currently deemed to be impossible to effectively prevent a needle accident from being the major reason for medical accidents during dialysis. Therefore, in this study, we develop a circuit that senses unexpected needle extraction using a sensing electrode that does not require direct contact with blood (non-invasive-type sensor) and using high-frequency signals to capacitively couple the blood circuit and the human body. Additionally, we evaluated the characteristics of the circuit in this study. Figure 1 illustrates the needle dislodgement detection circuit.
Method

Structure of the needle dislodgement detection circuit
The dialysis circuit comprises a dialysis monitoring device (DCS-26: Nikkiso, Tokyo, Japan), a blood circuit for artificial kidney (H-702-TQB: Toray, Tokyo, Japan), an indwelling needle for dialysis (Happy Cass V, 15-17 G: Medikit, Tokyo, Japan), and a dialyzer (FB-210 UβGA: Nipro, Osaka, Japan).
The needle dislodgement detection circuit includes a clip-shaped detection electrode, a load resistor, an instrumentation amplifier (INA 128; Texas Instruments, Dallas, Texas, United States), a signal input transformer(MG-21; Tamura, Tokyo, Japan), a detection electrode transformer (MG-12; Tamura), and a function generator (33521A; Agilent Technology, Santa Clara, California, United States).
The detection electrode is attached to the arterial side (blood collection side) of the blood circuit and the venous side (blood return side) at a certain interval from the tip of the needle, and it is connected to the function generator via load resistor. Voltage drop due to the flow of current in the load resistor is amplified by the amplifier, which is further rectified and finally smoothed so that it can be observed as a direct current voltage (detection voltage). When the needle tip is immersed in the physiological saline solution of a beaker, which is similar to that in a human body, the electrode and beaker are electrostatically capacitively coupled, and a very small amount of current flows. However, when the blood circuit is disconnected, the electrical characteristics of the needle tip changes, and the voltage value at both the ends of the resistance decreases. Applying this change enables the detection of a needle dislodgement.
Principle of the detection electrode
The dialysis circuit comprises an electrical insulator (polyvinyl chloride) with an extremely high electric resistance (M Ω order). Because electric capacity is dependent on the blood circulation, the introduction of air into the circuit after needle dislodgement decreases the electric capacity, which reflects the low dielectric constant of air (approximately 1) relative to that of the blood (approximately 80).
As depicted in Figure 2 , the detection electrodes were attached to the arterial (blood collection) and venous (blood return) sides of the blood circuit at two different positions. Hence, the electrodes were connected to the patient via an electrical insulator such as the blood circuit or dialysis indwelling needle. Accordingly, an electrical equivalent circuit ( Fig. 3) was formed between the two detection electrodes. In this circuit, R represents an extremely large impedance component that is introduced due to the human body and blood circuit, and C represents the capacitance component because of the electrostatic capacitance between the electrodes. Because these electrodes were connected in parallel, less current flowed into the impedance component; therefore, the capacitance component was observed to dominate the current value.
Capacitive reactance can be expressed using the following equation:
Using Equation (1), we can observe that capacitive reactance exhibits low electrical impedance when an alternating current (AC) signal is considered to be the input. Therefore, when a weak AC (<7 µA) signal that does not affect the human body output by the proposed circuit is applied to the detection electrode, only a small amount of current flows through capacitive electrical coupling. However, when one side of the indwelling needle is disconnected, the dielectric material existing between the electrodes is replaced with a model wherein part of the air is sandwiched by the blood. Additionally, the electrostatic capacity of a single dielectric capacitor using a metal parallel plate is obtained by setting the area of the electrode plate to S [m 2 ], the dielectric constant, ε 0, in vacuum, and the relative dielectric constant, ε s, of the substance that exists between the electrodes. Assuming a model in which a dielectric material with a thickness of l [m] is inserted, the electrostatic capacity can be expressed by the following equation:
At this time, if the dielectric material is partially replaced with air and if the dielectric constant of the original dielectric is ε 1 , the dielectric constant of air is ε 2 , and the thicknesses are l 1 and 1 2 [m], as depicted in Equation (3) . As can be observed from this equation, the value of electrostatic capacity, C, becomes smaller than that in Equation (2).
As the electrostatic capacity, C, decreases, the capacitive reactance increases, which is in accordance with Equation (1), and the electrical impedance between the electrodes also increases. Due to impedance variation, the voltage drop at the load resistor ( Fig. 3) decreases; therefore, the detection signal output decreases. By monitoring the detection signal output, the proposed circuit enables the detection of the needle tip. 
Experimental method
Using the needle dislodgement detection circuit and indwelling needle (17 G) depicted in Figure 1 , the state in which the needle was immersed at both sides was defined as normal; further, when one side of the needle was disconnected, the state was defined as the needle dislodgement state for which a high-frequency signal (sine wave, 10 kHz, 10 V p-p ) was applied. The blood pump was operated at 210 mL/min for circulation. The detection electrode was mounted at a position that was 30 cm away from the tip of the blood circuit, and the electrode area was set to be 25 cm 2 . Furthermore, the gain of an instrumentation amplifier (hereinafter referred to as an amplifier) was adjusted so that the detection voltage was 2.5 V in the normal state. The measurements were set according to the following two points:
To needle dislodgement detection circuit R C Sensing electrode s Sensing electrodes i) as the reference value for the gain, the input voltage to the amplifier in a normal state was observed using a digital multimeter (U3401A; Keysight Technologies, Santa Rosa, California, United States ) and ii) the difference in the detection voltages of the normal and needle was observed using a digital multimeter.
Using the aforementioned conditions as the basic conditions, the experiment was performed under the following conditions:
The electrode distance was 30-60 cm from the blood circuit tip, and the electrode area was 15-45 cm 2 . However, the short-axis direction was fixed as 5 cm, and it was changed in the long-axis direction to 3-9 cm, having the signal frequency (1 kHz to 1 MHz), load resistor (10 Ω to 1 MΩ), blood pump flow rate (10-300 mL/min), and gauge of indwelling needle (direct connection, outer diameter of approximately 4.1 mm, 15-17 G).
Results and Discussion
Figures 4-9 illustrate the experimental results of each condition.
The input voltage to the amplifier tended to increase as the signal frequency increased up to 100 kHz. However, it tended to decrease at >100 kHz. Additionally, the difference in the detected voltage tended to decrease at a frequency of >10 kHz. When the signal frequency was 10 kHz, the difference in the detected voltage was approximately 10% (Fig. 4) .
The input voltage to the amplifier tended to become high as the load resistor increased. However, almost no change was noted in the difference in detected voltage due to a load resistor of up to 200 kΩ, which indicated a decreasing tendency at >200 kΩ (Fig. 5) .
A strong negative correlation was observed in the difference in detection voltage with respect to the electrode distance from the tip of the dialysis circuit (Fig. 6) .
A strong positive correlation was noted between the detection electrode area and the difference between the detection voltages (Fig. 7) .
No correlation was recorded between the blood pump flow rate and the detected voltage (Fig. 8) .
A strong positive correlation was noted between the gauge of the indwelling needle and the difference in the detected voltage (Fig. 9) . Using the results of the frequency-characteristic experiment (Fig. 4) , it can be observed that, as the signal frequency increases, the input voltage of the amplifier tends to increase with the peak obtained at 100 kHz. Therefore, when the signal frequency is 100 kHz, the gain may be minimized. However, to detect unexpected needle removal from a patient, a large detected voltage difference is useful to prevent malfunction. From the viewpoint of detection voltage difference, the peak was obtained at 10 kHz; therefore, a decreasing trend was observed. Accordingly, the signal frequency of 10 kHz seemed to be reasonable.
Based on the results of the resistance characteristic experiment (Fig. 5) , the input voltage of the amplifier tended to increase with increasing load resistor. However, because the difference in the detected voltage exhibited a decreasing tendency at >200 kΩ, the load resistor seemed to be adequate for 200 kΩ.
Based on the result of the detection electrode-distance characteristic experiment (Fig. 6) , a strong negative correlation was recognized. Accordingly, it was assumed that, from the viewpoint of electrical characteristics, the detection electrode should be mounted near the tip of the probe tip as much as possible. Furthermore, it seems important to investigate the maximum distance that can be detected because the attachment part can be considered to be a factor of increasing discomfort due to contact with the dialysis circuit fixing part of the patient.
Based on the result of the detection electrode-area characteristic experiment (Fig. 7) , a strong positive correlation was recognized. Accordingly, it was assumed that the electrode area should be maximized as much as possible from the viewpoint of electrical characteristics. However, for dialysis, it seems necessary to study the minimum detectable area as it has become impossible to bend the circuit, which can become a factor for increasing discomfort due to contact with the patient.
The results of the blood pump flow rate-dependence experiment given in Figure 8 indicate no correlation because the fitting of the approximate expression was poor (R 2 = 0.0236). Therefore, it was considered that the treatment condition barely influenced the blood pump flow rate. The results of the indwelling needle gauge-dependency experiment (Fig. 9 ) exhibited a strong positive correlation. Considering the results obtained in this study, it seems necessary to examine the extracted needle detection system because the rate of decrease in the detected voltage differs with different gauge size of the indwelling needle and the treatment condition such as the direct connection to the catheter.
Conclusions
In this research, the basic characteristics of the extracted needle detection circuit were examined to expand our understanding of the prevention of medical accidents due to unintentional needle extraction. Our results helped to achieve the following conclusions: i) the signal frequency added to the detection electrode was considered to be reasonable at 10 kHz; ii) a 200-kΩ load resistor was considered to be reasonable; iii) the electrode distance from the needle tip was strongly and negatively correlated with the detection voltage; iv) the detection electrode area was strongly and positively correlated to the detection voltage; v) no blood pump flow rate dependence was observed; vi) the gauge of the indwelling needle was positively correlated with the detection voltage in a strong manner; vii) the detected current was extremely weak, and it was assumed that the criteria prescribed in JIS T 0601-1 would be sufficiently cleared; and viii) in future, the difference between the electrical characteristics of beakers and human patients should be considered.
The experiment based on the basic conditions by the extracted needle detection circuit proposed in this research revealed that the difference between the detection voltage at the time of normal operation and the detection voltage at the time of needle discharge abnormality was approximately 10%. Therefore, using a microcomputer board, automatic detection of a needle during blood purification therapy can be performed. This study is limited by the use of beakers instead of the human body to perform the experiment because the electrical characteristics of the human body are different from that of a beaker. Therefore, in future, it is important to clear the ethical issues and to conduct clinical experiments in human and animal subjects to improve the relevance of the results.
